Two novel related Rhizobium species, Rhizobium grahamii sp. nov. and Rhizobium mesoamericanum sp. nov., were identified by a polyphasic approach using DNA-DNA hybridization, whole-genome sequencing and phylogenetic and phenotypic characterization including nodulation of Leucaena leucocephala and Phaseolus vulgaris (bean). As similar bacteria were found in the Los Tuxtlas rainforest in Mexico and in Central America, we suggest the existence of a Mesoamerican microbiological corridor. The type strain of Rhizobium grahamii sp. nov. is CCGE 502 T Rhizobia form nodules on the roots of legumes and are beneficial bacteria that allow plants to grow under nitrogenlimiting conditions. In the genus Rhizobium, novel species described recently have improved our knowledge of rhizobial diversity, yet this diversity is still largely unexplored, as bacteria from the majority of legumes have not been analysed (Ló pez-Ló pez et al., 2010b). In contrast, nodule bacteria from a few legumes, such as Phaseolus vulgaris (bean), the most widely consumed grain legume for human nutrition, have been analysed extensively; successful inoculation programmes exist for bean with selected Rhizobium strains (Hungria et al., 2000) . In our earlier studies, Rhizobium etli (Segovia et al., 1993) and Rhizobium tropici (Martínez-Romero et al., 1991) were described as species that form effective nodules on bean roots; more beannodulating species are now recognized (reviewed by Martínez-Romero, 2003; Velázquez et al., 2005; Valverde et al., 2006; Han et al., 2008; Ramírez-Bahena et al., 2008; Hou et al., 2009; Ribeiro et al., 2012; Wang et al., 2011) . The term 'symbiovar' (sv.) in rhizobia was proposed by Rogel et al. (2011) and refers to bacterial host range and symbiotic genes. Multiple rhizobial species may contain the same symbiovar and exhibit the same specificity; additionally, a single species may contain different symbiovars and form nodules in diverse hosts.
In Mexico, P. vulgaris was probably first domesticated in the central part of the country, in the Sierra Madre Occidental mountains (Delgado-Salinas et al., 2006) . In Prehispanic times, domesticated bean was introduced, together with maize and squash, to other regions of Mexico including the rainforest of Los Tuxtlas, Veracruz (in the eastern part of Mexico, towards the Gulf of Mexico). R. etli sv. phaseoli strains are the main symbionts of P. vulgaris, but beans are promiscuous hosts and may form nodules with different rhizobial species. R. etli sv. phaseoli strains have been found to be highly competitive in interstrain nodulation assays (Martínez-Romero & Rosenblueth, 1990) . In fields with R. etli or R. phaseoli populations (such as in the sites of the origin of bean), other bacterial species have little opportunity to nodulate bean (see below). Nevertheless, in a few cases, other bacteria have been detected in P. vulgaris nodules in Mexico, such as Rhizobium gallicum (Silva et al., 2005) . The fact that different soil rhizobia do not nodulate bean in the presence of R. etli or R. phaseoli is illustrated well by the isolation of different bacteria from plants such as Dalea leporina and Clitoria ternatea growing naturally as weeds in agricultural bean fields, or from Leucaena leucocephala used as living fence trees in bean fields (Martínez et al., 1985) . These bacteria were found only in these legumes and not in bean field nodules, yet, in the laboratory (in single-strain nodulation assays), these strains form nitrogenfixing nodules on P. vulgaris, albeit in smaller numbers than R. etli or R. tropici reference strains (Martínez et al., 1985) . D. leporina, prairie clover, is widely distributed in USA and Mexico and is used for forage. C. ternatea, butterfly pea, belongs to the tribe Phaseoleae; it is native to tropical Asia and is used for revegetation or as a medicine. Both belong to the Papilonoideae, while L. leucocephala is a member of the Mimosoideae and is considered as a fertilizing tree, contributing over 200 kg fixed nitrogen per hectare per year.
To further analyse Rhizobium diversity in Mexican soils, we studied nodule isolates recovered from geographically distant cropping regions characterized by traditional lowinput agriculture with little or no fertilization and no rhizobial inoculation. Table 1 shows the bacteria analysed. Strains CCGE 502 T , Cli80 and CFN 234 were isolated previously from D. leporina, C. ternatea and L. leucocephala nodules, respectively, from plants growing among beans in different crop fields in central Mexico with neutral soils (Martínez et al., 1985; Hernández-Lucas et al., 1995) . Strains 338p and 255p were isolated from nodules obtained in trap-plant experiments using beans grown in the laboratory in pots with soils from different regions of Los Tuxtlas (acid soils, described by Ormeño-Orrillo et al., 2009) . Strains 5m and 1301v were similarly isolated from Los Tuxtlas soils using siratro (Macroptilium atropurpureum) and cowpea (Vigna unguiculata), respectively, as trap plants. Siratro and cowpea are promiscuous plants and thus are useful as traps for rhizobia. Strains CCGE 501 T and CCGE 503 were obtained with trap-plant experiments using bean, as described above, with soils (pH 4-5) from San Pedro Soteapan (18 u 109 18.10 N 94 u 519 47.60 W) in Los Tuxtlas.
Strains were grown in PY (Toledo et al., 2003) or YM (Vincent, 1970) medium at 28 u C and stored in medium supplemented with 30 % glycerol at 280 u C for long-term maintenance. Total DNA was isolated from liquid cultures with the DNA isolation kit for Cells and Tissues (Roche Applied Science) as recommended by the manufacturer.
A partial citrate synthase gene sequence from CFN 234 was different from those obtained from reported species (Hernández-Lucas et al., 2004) , and a 200 bp fragment of the 16S rRNA gene indicated that strains CFN 234 and Cli80 were related (Hernández-Lucas et al., 1995) . No other sequences were available for these strains at the beginning of this work. Nearly complete 16S rRNA gene fragments were amplified using primers and methods described previously (Lloret et al., 2007) . All the sequences obtained were assigned to the genus Rhizobium by the classifier algorithm of the Ribosomal Database Project (http://rdp.cme.msu. edu/classifier/classifier.jsp). To establish the phylogenetic position of the strains within the genus Rhizobium, sequences were aligned with those of Rhizobium type strains using the CLUSTAL W program (Thompson et al., 1994) and the alignment was inspected manually with BioEdit (Hall, Mimosa pudica Costa Rica Barrett & Parker (2006) 1999). The best model of sequence evolution was selected with JModeltest using the Akaike information criterion (Posada & Buckley, 2004) . Neighbour-joining (NJ) and maximum-likelihood (ML) phylogenies were constructed with MEGA and PhyML, respectively. Node support was evaluated with bootstrap analysis using 5000 pseudoreplicates in NJ and by the Shimodaira-Hasegawa-like approximate likelihood-ratio test in ML (Guindon et al., 2010) . Sequences from Mesorhizobium huakuii MAFF 303099 and/ or Bradyrhizobium japonicum USDA 110 were used as outgroups.
Two novel lineages were identified among the strains analysed by NJ (not shown) and ML ( Fig. 1) phylogenies.
Sequences from strains CCGE 501 T , CCGE 503, 5m, 1301v, 338p and 255p were 99.9 % identical to each other and formed a tight cluster (99.9 % identity) with sequences from two strains isolated from Mimosa pudica in Costa Rica (Barrett & Parker, 2006) . Strains CCGE 502
T , Cli80 and CFN 234 had almost-identical sequences (99.9 %), forming a group that was distinct from but related to CCGE 501
T and its allies (98.2-98.3 % sequence identity) ( Fig. 1 and Fig. S1 , available in IJSEM Online). A clade comprising these two novel lineages along with Rhizobium tibeticum (Hou et al., 2009) and Rhizobium endophyticum (Ló pez-Ló pez et al., 2010a) was apparent in the NJ and ML phylogenetic analyses. The sequence identity between these four groups ranged from 98.0 to 99.4 %. This clade also includes Or 191, a strain isolated from alfalfa ineffective nodules in Oregon, USA (Eardly et al., 1992) , that, according to our phylogenetic analysis, could correspond to R. tibeticum (Fig. 1) . Strain LPU83 is closely related to Or 191 and was isolated from an ineffective alfalfa nodule in Argentina (del Papa et al., 1999 (del Papa et al., , 2007 . Or 191 and LPU 83 are able to induce nodulation in common bean, albeit with low nitrogen-fixing activity (Eardly et al., 1992; del Papa et al., 1999 del Papa et al., , 2007 .
Phylogenetic relationships of the two novel Rhizobium lineages with other species were explored further by sequence analysis of five housekeeping protein-coding genes previously used in many taxonomic studies of Rhizobium. Fragments of recA, atpD, glnII, dnaK and rpoB genes, encoding the recombinase A protein, ATP synthase beta subunit, glutamine synthetase II, an Hsp70-class chaperone and RNA polymerase beta subunit, respectively, were amplified and sequenced as described previously (Lloret et al., 2007) . The sequences obtained were compared with those of selected type strains. Sequence alignment and NJ and ML phylogenetic analyses were performed as described for the 16S rRNA gene. NJ and ML analyses were largely congruent in clade delineation; for that reason, only ML phylogenies are shown. Highly supported clades representing the two novel lineages were recovered in the phylogenies of the five protein-coding genes but with variable relationships to other taxa (not shown). The two novel lineages appeared as sister clades in the phylogenies of recA, glnII, dnaK and rpoB, showing identities between each other equal to or greater than 87.7, 86.6, 90.6 and 95.7 %, respectively. R. tibeticum and R. endophyticum were the closest species to the novel lineages in analyses of individual sequences (not shown) and concatenated recA, rpoB, glnII and atpD sequences (Fig. 2) , as was also observed in the 16S rRNA gene phylogeny. We obtained recA and rpoB gene sequences for strains Tpud22.2 and Tpud40a, isolated in Costa Rica from Mimosa pudica (Barrett & Parker, 2006) , after we realized that they were related by 16S rRNA gene sequences to the Los Tuxtlas isolates. In the concatenated Fig. 2 . ML phylogeny reconstructed from concatenated recA, rpoB, glnII and atpD sequences of representative novel strains (in bold) and other type or reference strains from closely related species. GenBank accession numbers are shown in Table S3 . Only values of node support ¢80 % are shown. Bar, 0.1 substitutions per nucleotide position.
gene phylogenies, these strains were also included in one of the novel lineages. , which are within the range reported for Rhizobium (56.9-60.9 mol %). Sequences of the nodulation gene nodC (Fig. 3) and the nitrogenase reductase gene nifH (Fig. S2) were extracted from the genome assemblies of CCGE 501 T and CCGE 502 T , and ML phylogenies were inferred. Sequences from the two strains were closely related, with the only related sequences corresponding to genes obtained from a Rhizobium hainanense strain isolated from Desmodium (Chen et al., 1997) (Fig. 3) . Coincidently, CCGE 502
DNA-DNA hybridization (DDH) was determined (
T was also capable of nodulating Desmodium (Hernández-Lucas et al., 1995). Strain CCGE 502
T was previously tested on a large number of legumes, and it was found to have a broad host range (Hernández-Lucas et al., 1995) .
Phenotypic characteristics of the two novel rhizobial lineages were compared with those of the closest species R. tibeticum and R. endophyticum, as well as Rhizobium leguminosarum, the type species of Rhizobium. Growth in LB and in PY under different conditions and utilization of amino acids as sole nitrogen sources were determined as described by Wang et al. (1998) and Toledo et al. (2003) . For carbon-source utilization tests, cells were harvested from overnight PY liquid cultures by centrifugation, washed once with Biolog IF-0a inoculating fluid and suspended in the same fluid to an OD 600 of 0.05. The suspensions were used to inoculate Biolog PM1 microplates (100 ml per well). Growth was measured as OD 650 after 3 days of incubation at 28 u C. Utilization was recorded as positive if the growth was at least 20 % of that obtained with D-glucose (after subtracting growth in the control well). Several phenotypic characteristics were found to distinguish the two novel groups from each other and from related rhizobial species (Table 3) . A subset of the tests performed with other bean-nodulating Rhizobium species showed that both novel groups could be differentiated phenotypically from R. etli, R. gallicum and R. tropici (Table S1 ).
The fatty acid profiles of strains CCGE 502 T and CCGE 501 T were determined with the MIDI system using the TSBA5 database after incubation for 72 h on YMA (Vincent, 1970) plates. The results are presented in Table S2 . Both strains have C 16 : 0 , C 18 : 0 , C 19 : 0 cyclo v8c, C 18 : 1 v7c and summed feature 2 (one or more of C 12 : 0 aldehyde, unknown ECL 10.928, iso-C 16 : 1 I and C 14 : 0 3-OH) as major fatty acids, consistent with the compositions found in strains of the genus Rhizobium (Tighe et al., 2000) .
Nodulation of P. vulgaris 'Negro Jamapa' and L. leucocephala was tested in flasks with agar and Fahraeus medium in growth chambers at 28 u C and 12 h photoperiod without nitrogen, as described by Martínez-Romero & Rosenblueth (1990) . Nitrogen fixation was evaluated using an acetylene reduction activity and from the phenotypic effects on plants. All strains from the two novel rhizobial Aerobic, non-spore-forming, Gram-negative rods. Grows on PY and YM but not on LB. On PY, colonies are circular, convex with regular margins, pearl-coloured, non-mucous, appearing within 3 days at 28 u C. Acid is produced in YM medium and colonies are creamy. Grows optimally at 28-30 u C and pH 7, and can grow weakly at 37 u C and pH 4.5. Able to grow on PY with 1.5 % NaCl but is sensitive to 3 %. Grows in PY without calcium salts. Shows swimming motility in PY 0.3 % agar. Grows on acetic acid, adenosine, Aerobic, non-spore-forming, Gram-negative rods. Colonies on PY are pearly, creamy and not gummy; they appear within 3 days on culture plates at 28 u C. Optimal growth occurs at 28 u C and pH 7, but it can grow up to 37 u C and at pH 4.5. Grows in PY with 1.5 % NaCl but not at 3 %. , isolated from a P. vulgaris root nodule obtained during a plant-trap experiment inoculated with a soil from the tropical rainforest of Los Tuxtlas, Veracruz, Mexico. The DNA G+C content of the type strain is 58.98 mol%. Without calcium salts + + 2 2 ND At 37 u C + W 2 2 ND With 1.5 % NaCl + + 2 + ND With 3 % NaCl 2 2 2 + ND At pH 4.5 W W 2 + ND Swimming motility (PY 0.3 % agar) + 2 + 2 ND
